i. INTRODUCTION
Various mathematical formulae have been used by biologists, from time to time, to express the relationship between temperature and speed of development in insects and other poikilothermic animals. The aim of investigators has been to establish velocity constants which will give a quantitative expression for this relationship. The formula of Van't Hoff, and the associated conception of the summation of temperature, have been used widely; the modified formula introduced by Arrhenius has been used also. In 1926 Belehradek proposed an empirical formula in which the thermal coefficient b is used. In I925 Janisch developed the conception of the catenary curve. The reader is referred to Needham (I93I), Uvarov (193i) and Belehra'dek (I935) for reviews of In the present paper, a detailed analysis is given of data on the time required for the development of the egg and pupal stages of Drosophila melanogaster at constant temperatures, in order to illustrate the way in which the formula is calculated. In addition, the essential data relating temperature to embryonic development are given for five other species of insects, in order to demonstrate further the application of the above formula.
2.
DEVELOPMENT OF THE,EGGS OF DROSOPHILA MELANOGASTER
Powsner (1935) carried out experiments on the development of the eggs of Drosophila melanogaster at constant temperatures, with the object of testing the various theories which had been put forward to explain the effect of temperature on the rate of development of insects. The data are, therefore, particularly appropriate for illustrating the way in which the logistic curve can be used in the analysis of data on temperature and development in insects. The relevant data taken from Table 8 in Powsner's paper, are given in Table i . Certain aspects of the data are discussed in an earlier paper (Davidson, 1942 ).
The eggs were laid at 250 C. and transferred to the stated temperatures within half an hour of being laid. The number of hours given in column 2 represent the time taken, from oviposition to hatching, for the eggs to develop at the stated temperatures. Powsner adjusted the figures to allow for the small amount of development of the eggs during the short period that they were at 250 C., before being transferred to the particular temperature of the experiment. This is a bisymmetrical, sigmoid curve, the point of inflexion being at x = a/b, ioo/y = 'K. K is the parameter representing the distance between the upper and lower asymptote of the curve: since the lower asymptote is zero in this instance, K represents the value of the upper asymptote of the curve. a is the parameter which indicates the relative position of the origin of the curve on the abscissa: if a= o, the origin of the curve on the temperature axis will be at x = a/b, which is the temperature value at the point of inflexion of the curve, so that the formula then has the simplified form e is the base of the Napierian system of logarithms.
x is the given temperature.
How to determine the value of the parameter K If the observed points are distributed over the complete course of the projected logistic curve, the value of K can generally be assessed by inspection. In the case of the data we are considering, it cannot be assessed in this way, because the observed points do not extend far enough along the upper portion of the curve (Fig. i) The 2o values for log (K-P)/P at I4-95-Z9o00o C.
were fitted to a straight line by the method of least Table I. (2) Linear relationship between log (K-P)/P and temperature Values are now calculated for (K -P)/P for each of the observed values of P: they are then converted into common logarithms. When the value of log (K-P)/P, at each of the temperatures I4'95-29o00? C. (Table 2) , is plotted against the appropriate temperature, the 20 points approximate closely to a straight line (Fig. 2A) . This implies that the distribution of the observed values for Ioo/y in relation to temperature, within this range, follows * The letter P is used to represent values on the ordinate (ioo/y) because it is more convenient to use a single symbol when forming equations. The reader should note that P represents the same thing as ioo/y, wherever it is used in this paper. The observed points approximate closely to the calculated straight line (Fig. 2) .
Converting common to Napierian logarithms by multiplying throughout by the factor 2-3026, we obtain the calculated fornula for the temperaturevelocity curve for the development of the eggs of D. melanogaster Table 3 ). The greatest deviation of any of the observed values from the calculated curve is 0o42 hr. at 25.80 C. which is only 2-I % of the calculated value at this temperature. Table 4 . The lowest temperature at which the emergence of flies was observed was I50 C. Flies emerged from 96-4 % of the pupae which developed at this temperature. At IO0 C. no flies emerged although partial development of the pupae goes on at this temperature; in a few instances the flies appeared to be fully formed within the pupal cases, but could not emerge. This may be due to incomplete development of the fly at this temperature; it may be due also to the low degree of activity of the fly at this temperature, which prevented its emergence from the pupal case. The actual developmental zero was not determined. Complete development of the pupa, to the emergence of the fly, can probably take place at temperatures somewhat lower than I5? C. The highest temperature at which complete development of the pupal stage to the emergence of flies was observed was 330 C. Flies emerged from only 38 7 % of the pupae developed at this temperature, which indicates that this high temperature is harmful to the developing pupa. At 340 C. no flies emerged, although, in a few instances, the fly appeared to be fully formed within the pupal case. The upper limit of temperature at which all development of the pupa is inhibited, was not determined.
The temperature at which development of the pupa proceeds at the fastest rate (peak temperature) was found to be 29.50 C. It was carefully determined by developing pupae in temperatures at halfdegree intervals, over the range 27-30? C. (Table 4 ). The duration of the pupal gtage at 29.50 C. was 3-35 days.
3I
The temperature-velocity curve The data given in Table 4 are a remarkably good fit to the calculated curve. For all these values, the greatest deviation from the appropriate point on the calculated curve is o0233 at 26* xi C., the deviation being 3 % of the calculated value: the root-mean-square deviation for the observed and calculated values is o0io9i, which is only IP4 % of the calculated value at 26.I? C. in hours given in Table 5 represent the weighted means of from 3000 to 5000 eggs which hatched at each temperature. The trend of the speed of development of the eggs of Musca domestica in relation to temperature is shown in Fig. 4 . The observed points represent the average percentage development of the eggs per hour, on the ordinate (ioo/y), plotted against the appropriate temperature on the abscissa (x). The upper and lower limit of temperature, at which the eggs will develop completely to hatching, was not determined. Some eggs hatched at 4I'6? C., but none hatched at 42.80 C. The peak temperature was not determined: it may be placed tentatively
SPEED OF DEVELOPMENT OF THE EGGS OF COCHLIOMYIA MACELLARIA
The trend of the speed of development of the eggs of C. macellaria in relation to temperature is illustrated in Fig. 4 . The points represent the reciprocal values x ioo (ioo/y) for the incubation period of the eggs ( The temperature-velocity curve shown in Fig. 4 
SPEED OF DEVELOPMENT OF THE EGGS OF PHORMIA REGINA
The values for ioo/y for the incubation period of the eggs of Phormia regina (Table 5) 
SPEED OF DEVELOPMENT OF THE EGGS OF LUCILIA SERICATA
The values for ioo/y for the incubation period of the eggs of L. sericata given in Table 5 The temperature-velocity curve presented in Fig. 5 was calculated from this formula. 
SPEED OF DEVELOPMENT OF THE EGGS OF EPHESTIA KUHNIELLA
Voute (I936) did experiments on the rate of development of the eggs of the moth E. kiihniella at constant temperatures: the relevant data are given in Table 6 . The eggs were laid at the temperatures in which they were subsequently incubated. At I30 C. C., complete embryonic development to hatching occurred, in a few instances, at I00 C.; even at 80 C. some development of the embryo was observed, but complete development to hatching cannot take place at this low temperature. The upper limit of temperature at which development ceases was not determined: the moths soon died at 330 C. and the mortality of the eggs was high (Table 6 ). The shortest observed time for complete development of the eggs to hatching, was 3-I days at 320 C. It should be noted that Janisch (1925) and Janisch & Maercks (I933) placed the shortest time for the development of the eggs of E. kiihniella as 3-75 days at 29.60 C., but this value is based on one observation only. Janisch arranged for the moths in his experiments to lay their eggs at I8? C.; the eggs were then transferred to selected temperatures for incubation. The difference in the incubation periods, obtained at various temperatures, by Janisch and Vouite, may be due, to some extent, to the different temperatures at which the moths laid their eggs. However, Vouite appears to have maintained better controlled temperature conditions in his experiments.
The observed data given in Table 6 the root-mean-square deviation for the observed and calculated values is o02887 which is 3-7 % of the calculated value at I6? C.
DISCUSSION
The logistic curve described in this paper gives an empirical representation of the trend in the rate of development of insects at constant temperatures, throughout the greater part of the range of temperature suitable for development. The mathematical formula of the curve implies that, under the given conditions, the particular species of insect has an inherent power of attaining the average speed of development, represented by the value of the parameter K. In the case of the embryo of Drosophila melanogaster (Fig. I) , this value is 7-I % per hour of the total development of the embryo. The temperature at which this rate of development would be achieved, based on the calculated curve, would be 420 C. The embryo cannot attain this rate of growth because its development is inhibited about 340 C.
The parameter K may be looked upon as a theoretical, biological constant. Its value may be different for different species of insects and for different stages of the life cycle of the same species: it may differ also for different strains of the same species. The value remains constant for a particular set of conditions in the external environment; any change in this environment which brings about a change in the rate of development, such as the degree of moisture, may result in a change in the value of K.
The trend of the velocity curve from the hatching zero (I45O C.)tothepeaktemperature(aboutz95' C.) for D. melanogaster (Fig. i) shows that the relative rate of acceleration of development gradually increases with rise in temperature until the inflexion of the curve (2I.480 C.) is reached. At temperatures above the inflexion, the relative rate of acceleration decreases with rise in temperature until the peak not maintained at temperatures above the inflexion, because of the retarding forces which slow down the rate of development as the temperature is raised. Above the 'peak', these effects are intensified, and the observed values for rate of development fall significantly below the calculated values. This indicates that the effects are different in kind or intensity: they do not conform to the same rules as for the lower temperatures, otherwise the observed values for temperatures above the peak would follow the computed curve. temperature is reached. This is the temperature at which the development of the embryo proceeds at the fastest average rate. At temperatures above the peak the relative rate of acceleration of development declines rapidly: at 340 C. the embryo is unable to develop to completion. We may consider that two sets of forces in the experiments determine the trend of the observed points: (i) the inherent potentiality of the embryo, which is striving to attain the theoretical speed of development represented by K=7 I % per hour: (2) the forces associated with heat, which increase or retard the speed of development. The relative increase in the rate of development of the embryo, at temperatures below the inflexion of the curve, is
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Effect of higher temperatures
With experiments on temperature and development it is always found that, at temperatures above the peak, there is a marked increase in the number of individuals which die without completing their development. This rapid increase in mortality indicates that the insects experience harmnful effects at these 'higher' temperatures. The relation of these things to the physiology of the aninmals is not yet understood: they may be associated with the diffusion of oxygen and carbon dioxide in the tissues, or the accumulation of waste products of metabolism. Buddenbock & Rohr (I922) showed that the efficiency of respiration of pupae of Calliphora vomitoria, as determined by the intake of oxygen, Melvin (I928) stated that metabolic activity of the embryo of the silkworm moth Tropaea luna L. is relatively -low during the first day of its development; it takes in very little oxygen. During the last day of its development metabolic activity is high, and the embryo takes in a relatively large amount of oxygen.
These aspects of the physiology of insects illustrate how, in an early stage of the growth of an insect, development of the early stage may go on to completion over a wider range of temperature, than is the case with a more advanced stage of the development of the insect. The 'optimum' temperature for development is now often defined as that temperature at which the largest number of individuals are able to complete their development and become healthy insects. It may include a range of several degrees: it is not necessarily the temperature at which development proceeds at the fastest rate. Between 25 and 300 C. 7,100
The Van t'Hoff-Arrhenius equations
At temperatures above 300 C. the temperature-time data could not be fitted to the equation. The occurrence of the three different value for it, each value having its own restricted range of temperature, has been interpreted as revealing that the velocity of the changes in the physiology of the insect, associated with its development, are determined by a limiting 'master reaction': in this instance three mastei reactions appeared between I2 and 300 C. With this kind of reasoning, however, it would be possible to subdivide the complete range of temperature, suitable for the development of a given insect, into any convenient number of subdivisions, each division having its own value for ,.
The formula for temperature summation The theory of summation of temperatures which is widely used by entomologists to relate tempera-ture and development in insects implies that the temperature-time curve is a hyperbola and its reciprocal a straight line. The equation may be written:
y(x -a) = thermal constant, where y represents time required for development at the given temperature x in degrees centigrade; a is the theoretical zero temperature for development. It is generally understood that the observed reciprocal values fall on the straight line only in the median portion of the total range of temperature at which development goes on. Since the temperaturetime curve has an exponential form, the reciprocal curve being S-shaped, it is evident that the teinperature-summation theory is an unsatisfactory representation of the facts and its use should be discontinued. where y represents the time required for development at the given temperature x in degrees centigrade: m is the time for development at the optimum temperature, a is a constant. This author maintained that the curve shows the trend of the observed data throughout the whole range of temperature at which the development of a given stage can go on. This view was developed further in later papers (see Uvarov, 193 i) . The catenary curve is a general, empirical curve. The original data used by Janisch to illustrate its application to the development of insects, were obtained by experiments on embryonic development in the Mediterranean flour moth, Ephestia kuhniella. Data relating the embryonic development of the cattle tick, Margaropus annulatus, were also used. The data are relatively poor compared with those obtained by later investigators, which is due, to some extent, to improved methods employed in the experiments by later workers. Janisch does not critically test the 'goodness of fit' of the observed data to the calculated catenary curve. Data for embryonic development in Ephestia kiihniella obtained by Volute differ considerably from those obtained by Janisch. Voiute considers that the observed points at temperatures above the ' peak', do not fit a catenary curve (Fig. 6) . The writer (1942) considers that the use of the catenary curve, as applied by Janisch, is not justified. Data for development at temperatures above the 'peak' are unreliable because of harmful effects at these temperatures: these harmful effects are intensified as the time of exposure is increased. 
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